The novel photo-acid-generator tri(methanesulfonyloxy)benzene was investigated in a positive deep-UV resist, containing bisphenol A protected with t-butoxycarbonyl groups as inhibitor compound in a novolak matrix polymer. The deprotection reaction by the generated methanesulfonic acid was studied using UVspectroscopy and IR-spectroscopy. The amount of generated acid was determined by comparison with model films containing known amounts of methanesulfonic acid. The deprotection degree, the catalytic chain length of the deprotection reaction, and the quantum yield of the acid generation were determined. The amount of photogenerated acid was unexpectedly high, and the quantum yield was much higher than the theoretical maximum. No photosensitivity was observed in control experiments with model films in which the acid generator was mixed in cellulose acetate as a non-absorbing matrix polymer, whereas the addition of a phenol-type model compound to this formulation resulted in formation of acid after exposure to deep-UV light. This shows that the acid generator is sensitized by a phenolic resin. The sensitivity of the resist as a function of exposure wavelength was in good correlation with the absorption spectrum of the resist.
Introduction
During the last years, it has become evident that the "chemical amplification" [1] mechanism is most attractive for the design of resists for future exposure tools for the production of integrated circuits with critical dimensions below 0.5µm. Using this mechanism, it is possible to combine a very high sensitivity due to the catalytic chain reaction induced by the photogenerated acid with a high resolution and high dry-etchresistance, as phenolic resins developable in aqueous alkali can be applied as matrix resins. For positive resists of this type, an acid-labile compound is decomposed by the action of the photogenerated acid and rendered soluble in an aqueous alkaline developer. It is also possible to use three component systems in which the acid-labile compound acts as a dissolution inhibitor in a novolak matrix polymer. Resists of this type have been applied to mid-UV [2] (300 -350nm), deep-UV [3, 4] , X-ray [5] and electron beam lithography [6] . In these resists, opium salts [2] [3] [4] , halogen compounds [5, 6] and nitrobenzylesters [7, 8] have been used as the acid generator compound. In previous papers [9, 10] , we reported that the use of novel sulfonates as acid generators is superior to opium salts, as with onium salts a negative tone side reaction occurs at relative small overexposure. Moreover, these onium salts have a high nonbleaching absorbance at 248nm and are very strong dissolution inhibitors [11] .
It is desirable to have a deeper insight into the reaction mechanism for the sulfonate compounds as novel acid generators and to obtain fundamental data such as their intrinsic photosensitivity (e.g. quantum yield) and their ability of catalytic deprotection of dissolution inhibitors (e.g. catalytic chain length). Here we report on the photochemical reaction mechanism of a resist material composed of tri(methanesulfonyloxy)benzene (MeSB) as acid generator, bisphenol A protected with t-butoxycarbonyl (tBOC-BA) as dissolution inhibitor and a novolak matrix polymer. The deprotection reaction of the inhibitor compound was explored by UVspectroscopy as a function of exposure dose and post-exposure-bake (PEB) conditions. Absolute values of the deprotection degree were obtained by IR-spectroscopy. The quantum yield and catalytic chain length were calculated. Fundamental knowledge about the photolysis reaction of the sulfonic acid ester was obtained by test experiments in a different matrix polymer.
Experimental

Materials
The synthesis of the acid generator compound MeSB has been described in previous papers [9, 10] . The inhibitor compound tBOC-BA was synthesized according to the literature [12] . The novolak matrix polymer was a m/p-cresol novolak supplied by Hitachi Chemical Co. Its optical density at 250nm was 0 .5µm1. The cellulose acetate polymer, with an acetylation degree of 40%, was supplied by Eastman Kodak Co . Methanesulfonic acid (MSA) and 2,4,6-trimethylphenol (TMP) were purchased from Tokyo Kasei Inc .
Bisphenol A was obtained from Kanto Chemicals Co.
Methods
Resist films were spin-coated from solutions in 2-methoxy-ethylacetate onto appropriate substrates and softbaked at 80°C for 10min on a hot-plate. The film thickness was measured with an Alphastep profilometer (Tenor Instr.). Deep-UV exposures at 250nm were made with a Hg-Xe lamp through an interference filter. The UV-spectra of films on quartz substrates were measured with a Hitachi U 3410 spectrometer. IR-spectra of films on NaCI substrates were measured with a Perkin Elmer 1720 X FTIR spectrometer. The spectral sensitivity measurement was made with a Narumi RM-23(I)-64 spectral sensitometer, equipped with a 2kW
Xe lamp and a logarithmic slit. The resist was developed in an aqueous tetramethylammonium hydroxide solution (2.38%).
Results and Discussion
Effects in the UV-and IR-spectra
When a resist composed of McSB, tBOC-BA and a novolak matrix polymer is heated after an exposure to deep-UV light, the compound tBOC-BA is decomposed into bisphenol A, carbon dioxide and isobutene under the presence of the photogenerated acid. As is shown in Fig.1 , a clear increase in absorbance at 282nm can be observed due to the formation of bisphenol A.
In order to obtain absolute values of the deprotection degree, the relative decrease of the content of tBOC-BA was measured in separate experiments by IR-spectroscopy. It was found that the carbonyl bands around 1730cni1 almost disappeared completely during the PEB at 80°C for 5min following an exposure with 50mJ/cd. This means that a nearly complete deprotection can be achieved for high exposure dose. From the comparison of the results obtained by UV-spectroscopy and IR-spectroscopy it was found that the increase in the UV-absorbance at 282nm is linearly correlated with the decrease in IR-absorbance at 1730cm1. The maximum increase in UV-absorbance at 282nm, obtained for very high exposure dose, and normalized with the original film thickness dd, was JABS/d0=0.21. This value was assumed to correspond to 100% deprotection.
Effect of the PEB-Conditions on the Denrotection Degree
Films of the resist McSB/tBOC-BA/novolak were exposed, and the increase in absorbance at 282nm during the PEB-process was determined. The results, obtained for different PEB-temperatures as a function of exposure dose, are plotted in Fig.2 . The PEB-time was 5min for all these experiments. As can be seen in Fig.2 , only small differences were found in the range 80°C<TPEB< 100°C. Doses necessary for achieving about 84% deprotection, varied between 10mJ/cd for TPEB = 80°C and 8mJ/cm2 for TPEB =100°C. In the case of TpEB=70°C, the PEB-time of 5min was too short to achieve high deprotection degrees at moderate exposure doses. This becomes more evident in Fig.3 , where the increase in absorbance at 282nm is plotted as a function of PEB-time. The exposure dose was 9.75mJ/cd for all experiments shown in Fig.3 . In the case of TpEB=100°C, a slight decrease in absorbance at 282nm was observed for longer PEB-time, as the generated bisphenol A evaporated to some part from the film. An evaluation of the results shown in Fig.3 The acid generator McSB is decomposed during the exposure. Although the exact reaction mechanism is not known, it is quite certain that methanesulfonic acid (MSA) is generated. To estimate the amount of photogenerated acid, small amounts of MSA were intentionally added to a resist solution of McSB/tBOC-BA/novolak with 4/30/65 weight parts and the increase in absorbance at 282nm during a baking process was compared with data from resist films exposed to deep-UV light. In Fig.4 , the change in absorbance, normalized with the final film thickness, is plotted as a function of the content of the added MSA in the model films (left part) and as a function of the exposure dose of the resist film (right part). As can be seen in Fig.4 , the shape of both curves is quite similar for MSA-contents below -0.4%. Therefore it is possible to estimate the amount of generated acid for a given exposure dose in this dose range. The absorbance of model films containing a high content of MSA did dot reach to that of the resist films for high exposure dose. For higher MSA concentration, it is possible that the deprotection reaction by MSA occurred to some degree in the solution.
Therefore the effect during the baking process decreased when the content of MSA was higher than 0.4%.
The comparison of the reliable range of both curves gives a conversion efficiency of 0.019% acid per 1mJ/cd. In order to determine the number of tBOC-groups which are deprotected by one acid molecule (catalytic chain length), films of the same resist as described in Chapter 3.2 were used. After exposure with a relative low dose of 2.77mJ/cd, the PEB at 80°C or 100°C was continued until a saturation in absorbance at 282nm
was obtained. The deprotection degrees were determined by the final increase in UV-absorbance (29.7% for TPEB = 80°C, 48% for TPEB =100°C). The amount of generated acid was determined from the results obtained in the previous chapter. The catalytic chain lengths obtained from these experiments were 76 for TPEB = 80°C
and 123 for TPEB=100°C. The higher catalytic chain length found at 100°C is probably caused by the higher acid mobility at higher temperature.
From the experiments shown in the previous chapter, it is possible to determine the probability of acid The unexpectedly high amount of generated acid described above, was explained by the hypothesis that the photolysis of McSB occurs via a sensitization effect by the novolak compound. In order to prove this hypothesis, resist films were prepared from McSB, tBOC-BA and the non-absorbing cellulose acetate as a matrix polymer. When these films were exposed and baked, no deprotection of tBOC-BA could be observed, even at very high exposure dose and long baking time. In order to get more evidence for the sensitization effect, the compound 2,4,6-trimethylphenol (TMP) was added to a formulation McSB/tBOC-BA/cellulose acetate. When these films were exposed after spin-coating and baked, a clear increase in absorbance at 282nm was observed, as is shown in Fig.S . It can be seen in Fig.S that the final absorbance at 282nm increases with higher exposure dose, indicating the deprotection of tBOC-BA. Moreover, this effect itself increased, when the content of TMP was increased.
3.6 Spectral Sensitivity Measurement
As the acid generator is sensitized by the novolak compound, the resist sensitivity as a function of exposure wavelength should correspond to the absorption spectrum of the novolak. In Fig.6 , the sensitivity of the resist is plotted as a function of exposure wavelength. It can be seen that the resist sensitivity corresponds to the absorption characteristic of the novolak in the range between 250nm and 300nm (solid line), whereas the absorbance of McSB in this range is very low. In the range below 250nm, the output of the Xe lamp was too low to obtain a significant decrease in film thickness in this region.
From Fig.6 it becomes clear that the sensitization mechanism is still possible at wavelengths of at least 300nm. 
